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ABSTRACT
A SERDP-sponsored program aims af developing onvironmerntally benign zinc

phogphate conversion coatings and thair pro ess lLechuologjes [or the
electrogalvanized steel (EGS). we susceadad in formutating an envirerment.illy
acceptable phosphate selution wilhwoul Cus~ und Ni=robated additives, ard aisa in
replacing a hexavalent Cr acid sealant applied over the wince phosphatc (2).@FPh)
layers with a deg;-baaud polysiloxane sealor:n. The specific advantages ol the
newly developed Zn@Fh coatings were as follows: 1) {here wan rapid growth of
uniform, danse empryonic Zn@Ph cryatals on the B surtaces :ue Lo tha
creation of short-circuited aclls wilh Mo acting as 1t he oatheds and the
galvanized (zing¢) coatings as thea anode, ) an oxeellent protoarion layer
againsgt corrosion was formed, extending the service life of cine laymrs a:
galvanic sacrifice barrlers, and 3) adhosicn to the clestro-doposited polymer le
primer coating was improved because ot the interacetion between the siloxare
sealer and primer. A fullescale demonsktrativn Lo svatuata the reproducibility
of this new eoating technology on mini-siced automat ive door pancls made from
EGS was carried out in ¢allaboration with the Palmit Company (as industria)
coating applicator) in New Jerscy. ALl of the 150 mind-door panels were

successfully coated with Zn@Fh.

1. Introduction

In the previous SERDP-sponsoverd program aimed ot developing
environmentally benign zince phosphate copversiog coal ings and thelr process
technologies for cold-rolled steel (CRS) subetrates (1], we ynceseded in
formulating an environmentally-acaeptable phaxpliat ing sefution without Co- and
Ni-related additives, The basic formulation consistoed of 5 whe  7Zn4(PO,) @ H,0,
10 wtd (86 % HiPG,), 3 wtd poly(acrylic acid) (p(AA) | and 82 wti water;
appropriate amounts of the Mn(NO,).@61.0 and Fe00,@ 70 as additives were
incorporated into this basic [ormulation. Thone addilives had two important
functions; one was to create a large nunber of nucleisted gites ot nmbzyonic
Zn@Ph crystals on the steel surfaces, and the other was to acrt an an nhipitor
of corrosion. The p(AA)-modified Zn@prh coat ings not only displayed an
excellent salte-spray resistance of » 1000 hys, but olso showsd a steon
electrochemical affinity with the electro-doposil«l polymeric primer coatings.

2. Experimental Details
2.1 Materials

The metal substrate usad was ASE 1006 cold-rolled steel roated wizh

vlectroplated zingc (EGS, Ford B 60 Elcetzeziae 00}, supplied by Advanaad

Coating Technologies, Inc., The formulation i the basic zinc-phosphats 11 juid
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was 5.0 wt% zinc orthophosphate dihydrate (Alta ¢o.), 10.0 wts HPOQy 1.0 ath

Mn (NO;) ;@6H,0 (Alfa Co.) and 84.0 wt¥ water. A Wil nr-based polysilogane sealant,
3-aminopropyltrimethoxy-silane (ALS) monomer was sapplied, The APS pricuriior

sealant consisted of a 7 wt% APS, 3 wti methyl aleohnl, 0.7 wré hydrochloric

acid and 89.3 wt¥% water, and had a pH of 9. 46, in preparing the polymer e
primer coating, all the APS-sealed 2n@ih puncl: woro coated with the
polyurethanc-modified epoxy copolymer (POWERCEON 64#) by eleclrodeposition
technology at Advanced Coating Technologies, lne, The polymeric primen wa:
cured in an oven at . 177EC for 30 min.

2.2 Maasurements

Scanning electron microscopy (SEM) warn vsad Lo investigate the degriee of
coverage of the EGS surfaces by p(AR)-modified wm@Ph coatings and explore the
alteration in morphological feature of crystalline n@Ph coarings as a
function of immersion time. The surface chemival stales and phaseé
identification of the coating were carried out using x-ray photoclection
spectroscopy (XPS} and x- ray diffraction (XRD). The concentraticen of zinc ions
dissociated from the EGS surfacos in single 10L0°0; and Mn (NO,) @FKH.0 agueous.
solutions, and in their combined medium was detormined by atomlc absorpticn
spectrophotometxry (AA).

DC potentiodynamic polarization muasw cment tor data on the rat: of
corrosion. The tests were conducted in an acrated 0.9 M NaCl solution at : wEc,
¢h an exposed surtace area ot 1.0 cm’, AC el.acrrochemical inpodanae
spectroscopy (EIS) was used to evaluate the abilily nf coating films to protect
tha EG3 from corrosion. Specimens will o sut love ares 0F 13 en’ weres egpossd Lo
an aerated 0.% N NaCl electrolyte at 2nEC, and single-sine technology witl an
lupul AC volisgge Of 10 mV (rms) wds used ovel s freguency range of 10 kHz to 2
MHz. The salt-spray tests for the primed zn@rh coat 1ng panels were carried out
in acvcordance wilh ASTM D165H4-79a,

3. Rasults and Discussion
3.1 p(AA)-Modified Zn@Ph Coatinys un EGS

Figure 1 shows SEM micrographs of crysralline sn@Ph contings derived trom
the p(AA)-modiried pPRnosphating solution: af . funection of the immersien time of
the EGS substrate into the phosphating bath al HOEC, Immersion for 5 sec vas
sutrricient to produce denge converdion coatirps ovaer the entire substate
surface (gsee Fig. l-¢). A immersing tim: to 10 ceo () revealed o dentely
packed conformation of lamellar Zn@En crystali, retlacting that the ESS

surface had eszsentially been alterad and new bl o rough micgostructure.
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Figuras 2 and 3 show the high-resolutinn XP% spectra ot P, Znyay, and Cp
core=-leval excitations for the Zn@Ph voating: aim o lunction ot treatment time.
Because the peak at 1023.0 eV belongs to Zn criginaling from 2n@Ph (&), this
result strongly supported the SFM data showing Lhat an immersion of 5 see is
long enocugh to cover the whole surface of ECL wilh 4n@Ph. An important
question remains to be solvad: namely, why |he Mn(NO ) @AH.O=inenrporated
solution causes the rapid deposition of Zn@ib on the EGE surfaces.

Mn (NO,) .@6H.0 solution, . 2.7 x 107 g/ml of Un iens disseciare tvom the EGS
surfaces in the first 2 sec¢ ¢! immersion; theyeafrar, the rate of 2Zn lon

dissolution increasas with increasad timc Figure 4. Thoosce tindings varifiod

‘that the addition of Mn (NOy) @6H,0 to 11,P0; malut ion significantly promotey the

diszolution ot Zn icns from the KOGE surfacen in conjuncrion with a moye by isk
avolution of hydrogen with Zn acting az the anodic arca and Mn oas Lhe catlode,
Mn side:
2H4PO, 6 211" + 2iL.POy
20" + 2¢ B H.,

From this information, wo show the hypolhet ical conversion mechanisme of
Mn~inmarporatred BP0, selution dnra zine pho: phate phase over the EGS (Fig 8) .
Figure 6 illustrates the XRD tracing, ranging from 0.444 to 0,225 nm, of the
"au~raceived" RGS as a aontrol, and Lhe p(AA) -moeli [icd 2n@Ph costings prelarad
by immersing EGS panels for 1, Z, 5, and 10 =i
3.2 Water-Based APS Sealant

All Zn@Ph coatings contain some voids remiin in the coating layears,
These must be filled for maximum corrosion protection. The goal of this part of
the research was on the non-toxic, water-basad A'S scalant umed to yeplace the
conventional toxie hexavalent chrowic acld o corrosion=inhibit ing geslant,

In the XPS study earlier, we found that tli: p(AR) polymers remain at the
outermost surface sites of Zn@@?h Yayers, Thon, it js vary important o know
how the APS sealer reacts with the p(AA) poiymers chemisorbed to the 7Zadlt . The
results strongly demonstrated that when the Al was altached o the p(AA), the
NH, groups in APS favorably reacted with rhe carbaxyl in p(AA) to torm the
amide bonds. Thus, it is conceivable that tha formarion of interfacisl amjde
bonds acts to link strongly p(AA) to the APH tilms and are illustrated in
Fig A.

Figure 7 depiets typical polarization curvis log enrrear versus poréntial

for Lhe uncoated EGS, aud zn@Ph-and p(l\A)—?.nl@)FH—“m.nmi ECGH panl s When

compared with those for the uncoated LGS, the toim ot the cathodic curves tor

QL
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the coated EGS specimens are ag follows: (1) . decreased current in the
vicinity of Ecore, and (2) a lower short-term steady-state current valuz irn the
potential region between -1.2 and S1.0 V. A resull, it appears that tho
abllity of zinc layers in the EGS to inhibit thu cathodic reaction in terms of
the oxygen reduction reaction, .0 + 1/70. + ¢ 6 o', of *he underlyingy

steel was further enhanced by the p(AA)-moditiwd and unmodificd 2n@vh
coatings, Thug, we believe that the formation of interfacial amide bords by the
interaction between APS and p(AA) signiticant ty contribules to protecting steel
trom the corrosion, suggesating that the APS hax a high potential for vse (s
sealer of the p(AA)-modified 7n@rh coatings.

Based upon thase polaricalion curvaes Figure 8, we aftemp!ed Lo determine
the absolute corrosion rates of stesel, ayprensed in the conventional
engineering units of milli-inchaes per year (mpy) . e agquaticn (1) proposed by
Stexm and Gery '°' was used in the first sbep:

Teorr = 0, @ B / 2 303 (M, + W) R =emmmmwme (1)

i
where I, is the corrosion curraent density iu A, “f and "0 having the units of
volts/decade ¢f current refer to the anodic and cathodic Tatel slopes,
Table 1 gives the I and corrosion rate oblarned from Lhis Talel calcula:ion
for variocus ¢oating panels. A significant dectanda n corrosLon rdate can te
seen from the APS-sealed panels, especially in the AUS/p(AA)-~/n@Ph coating
system. The rate o&f 0.022Z mpy for thix coating syslom was approximately tvo
orders of magnitude less than that of the uncuoated KOS,

In gupport, all the test paneld were csponed e o 5% salt fug chamber at
35B0 to determine the extension of useful liletime o! the coarings that piotect
the zinc layer in EGS against white rustdug. The reralis Drom bhese Lest janels
are shown in Table 2.

3.3 Elastrimally Dapcositad Primex Coatix;;gn

We verified that the APS sealed zinc Chesphate surtaco could be E-Ccated.
We did this using PPG’'s Powercron 648 chemistry Figure B. To nain this
information, we electrically deposited the priwer coatings onto Lhe AFS-sealed
and unsealed Zn@Ph lavers, and then examined the ability of primer coatings to
further improve the protection of EGS againsr carrauion by AC electrocnemical
impedance spectroscopy (EIS) and the Y% % aall -ipray Lents,

Six different coating systems, electricully doposited primer (EDP),
EDP/Zn@Ph, EDPB/p(AB)-Zn@Ph, EDP/APS, EDR/AITZn@rh, and EDI/APG/p (AN -2r.@Ph,
woer@ prepared for this examination,

In the EIS tests, the curves {not shown) tor all the costed EGH panels
depicted the Bode-plot features [the absolute vatue of lmpedance *Z% (snm- zm”)
vs. frequency (Hz)]. This information was cory)ated directly with the states
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of primer-coated panels after sall-spray te:t:s far 1080 hours. The re:ult: from
these test panels are shown in Tabla 3.

3.4 Industrial-Scale Demonstration Tests

To demonstrate the reproducibility of this veating techinology on mini-
sized automobile door panels made from KCS, o [ull=-9-ale feasibility test was
carried out in ¢ollaboration with the Palnul ompany, NJo Coating inve lved the
cleaning, coating, rinsing, sealing, and drying (Fig. 10). The lour :tepa:ate
solution tanks with a 1514 L (400 Gal.) were used. To ensure that Chis coiting
process was reproducible, the provedure was repoated ren times; all 100 moond-

sized door panels were successfully coaied with “n@rh.

4. Conclusions

We modified the surfare of clectrogalvanized stieels .(F'.!.TS) to inhibit
corrogion of Zn layers and to improve Uheir seqler-adhesion proporties by
Immersing EGS panels into environmentally acoeptable zing phosphating solitions
conzisting of 2Zn;(PO4) @2H.0, 1,FO,, poly(acrylic aclid) (p(AA)], Mn(NO;) - @6H O and
water at S8O0EC. The electrochemimal reactien hotween Mn dissaciatead tiom
Mn (NO,) ,@6H,0 and Zn in the acid media created short-cirenited eells by the Flow
of olectronz from 2Zn acting an the anode to My an the cathode. Uniform hopeite
layers completely converting over the LUS surioces wore ohaerved on the
specimens prepared by immersion tor anly & aov, 1 horeby sonforring gaed
protection layers against corrosion., Haxavaleont Or aeids known to be
environmental hazards are commornly used as o sealant for rhe “n@ph lavers
bscause they improve the ability of Zn@PCh ru prorect The metal from eorro:ion.
Hence, our attention was paid ta find the replacing materials for the or aoids.
We succeeded in developing an epvironmentally aceoept able water-bhased 2-
aminopropyltrimethoxysilane (APS) sealant. in addition, the AP sealer hac a
strong chemical affinity for the polyurelthano-wodified epoxy primer coatiny
induced by the electrodeposition technniogy. We conclwded this test by running
a scale uyp demonstration at the Palaut Company, using a 400-gallon indistzial

size tank. In all 150 panels were successful ly coaled with hP:-swaled n@ih.
5. Recommendations

1. The optimum formulaticn for an envirenmentally bhenign xine phospnating
solution =i*zkle For (FOS) was Y wth 4n, (B0, @2011,0 powder, 10 wti 85 %
HiPO4), 1.0 wt% Mn(NO4) . @GE.0, and 84 wii warer, in conjunet ion wilh
polylacrylic acid) [p(AA), M.W. 60,000) additive nf 3.0 wt% by tatal
weight of basic zinc phesphating solution.

46
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V2. The water-based 3-aminopropyltrimethoxysilanc (APS) =mealant conusist ng of
a 7 wt% APS, 3 wt% methyl alcohol, 0./ wti hydrochloric acld, and 81,3
wt3 water, can be usad Lo replace the convent lonal hozavalent Cr ac .d
gealant,

3. Using the process technology developed in this work, the p(AR)-nodi ied
zinc phosphate (Zn@¥rh) conversion coatings with a APS scalec were
prepared in according with the following toguence: 1) pickling the 1IGS
paAcls in & 2 wed HiPO4~1 wiit H,S0=97 wii watet soluriopn lor 1 min ar
25EC, 2) immersing the surfaces-claeancd RGH panels tor 1 win infc the
p (AR) ~dissolved zinc phosphate solution at BOET, 3) rinsing the Zn@rkh-
coated EGS surfaces with water, 4) dipping the water-riosed zn@ph
coating panels for few seconds inlo « 7 wl'h APD sealing agent at 25EC,
and 8) drying the APS-wetted 2Zn@rh coal ing panels for 30 min in an osven
at 150Ec.

4. Conduct a long~term exposure in a covronive snvironment ro @nsure tlat
they afford an adequate proteation of EGN agatnst corvoxion.
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Table 1. Tafel Analyses for Polarization Curves of Coated EGS Panels

Ecure {I=0) B, M, [ Caorrosion rate .
Coating v V/decade V/itaparks A wnpsy
Uncoated -0.8711 0.0669 0.1513 3.1 2 107" 1.449
zn@ph -0.9692 0.0472 0. 1660 1.1 ox 107" 0.505
p(AA)-Zn@Ph -0, 9609 0.0668 0.1547 .03 x 10" 0.4a67
APS -0.8293 0.0N4KR h.11312 .10 w107 0,142
APS/Zn@Ph  -0.8453 0.0532 0.1227 Zole w107 0,097
APS/p(AR)- -0.vdet 0.1257 Nn.1634 A.In ox Lok 0.092

Z2n@ph

AN
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Salt-Spray Resistance of Coated LGS Panels

Salt-spray resistance

Coating Hy
Uncoated I
Zn@Ph 190
p (AA) -Zn@Ph i
APS 349
APS/zn@ph 61
APS/p (AR) =Zn@Ph YAlE
Tabla 3. Evaluation of EDP-Coated EGS Panals Subjected to 5% Salt Spray
Tasting
Representative mean
Exposure crsepage trom acpiles in
‘ Coating ;b i %
EDP 360 10.0 . BO
EDP/Zn@Fh 1080 R.5 .32
EDP/p (AA)~Zn@Ph 1080 6.5 . 28
EDP/APS 1080 1.0 .20
EDP/APS/Zn@FPh 1080 1.8 .13
EDP/APS/p (AA)- 1080 1.2 S
Zn@pn
Figqure 10
1. Pickled (2 wt% HyPO,-1 wt H;S0,-97 wt% water) for 1 min at 25EC
E 2. Immersed in zinc phosphate solution for 1 min at ROEC
' 3. Rinsed with water
4. Dipped in water-based polysiloxane sealant
5. Oven-dried for 30 min at 150Ec
6. Electrodeposited primer coatings

Area of blister jormed
insuribed areas
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